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a b s t r a c t

Two proteins of the Escherichia coli membrane protein complex, CsgG and CsgF, are studied as proteina-
ceous nanopores for DNA sequencing. It is highly desirable to control the DNA as it moves through the
pores, this requires characterisation of DNA translocation and subsequent optimization of the pores. In
order to inform protein engineering to improve the pores, we have conducted a series of molecular
dynamics simulations to characterise the mechanical strength and conformational dynamics of CsgG
and the CsgG-CsgF complex and how these impact ssDNA, water and ion movement. We find that the bar-
rel of CsgG is more susceptible to damage from external electric fields compared to the protein vestibule.
Furthermore, the presence of CsgF within the CsgG-CsgF complex enables the complex to withstand
higher electric fields. We find that the eyelet loops of CsgG play a key role in both slowing the translo-
cation rate of DNA and modulating the conductance of the pore. CsgF also impacts the DNA translocation
rate, but to a lesser degree than CsgG.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nanopore sequencing is a fourth-generation DNA sequencing
technique that exploits the propensity for charged molecules to
move across a membrane, through a nanoscale pore, under an
applied electric field. Nanopores used for sequencing can be
formed by proteins or synthetic materials, providing they accom-
modate single stranded (ss) DNA and allow an ionic current to pass
through them. As the DNA translocates through the smallest con-
striction of the pore, each base will produce a characteristic reduc-
tion in the measured ionic current, thereby allowing them to be
distinguished [1–4]. Several proteinaceous nanopores have previ-
ously been studied experimentally and by MD simulations for
DNA sequencing, most notably ɑ-hemolysin [5–8], MspA [9,10],
CsgG as well as hybrid protein-synthetic pores [7], with efforts to
optimise them via mutagenesis often focussed on the pore con-
striction, referred to as the ‘sensing region’ [11,12]. The principles
of DNA sequencing using nanopores have also been applied for
protein sequencing and analysis [13–15]. Since 2016 a mutant pore
of CsgG, derived from the curli secretion system in Escherichia coli
has been employed in DNA sequencing devices [16]. An
independent study has shown that the dual constriction of the
CsgG-CsgF complex, formed by incorporating the CsgF peptide into
the CsgG pore improved the accuracy of homopolymer regions of
DNA strands compared to uncomplexed CsgG [17].

In E. coli, the native CsgG-CsgF complex is an essential
component of the curli biogenesis system, which is a multi-
protein machinery that facilitates the secretion of amyloidogenic
curli subunits and their assembly into highly aggregative amyloid
fibres associated with biofilm formation. CsgA and CsgB are the
major and minor curli subunits, respectively, that form the extra-
cellular fibres, whilst CsgE, CsgF and CsgG coordinate their secre-
tion and assembly [18]. CsgG is a nonameric outer membrane
lipoprotein that comprises a 36-stranded transmembrane b-
barrel, connected to a large solvent-accessible periplasmic vestibu-
lar region. The b-barrel and the vestibule domains are separated by
a central constriction of � 1 nm diameter, which is wide enough
for passage of unfolded or partially folded curli subunits [19,20].
CsgG forms an ungated peptide diffusion channel that becomes
substrate-specific during curli biogenesis by binding two soluble
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nonameric accessory proteins, CsgE and CsgF [21–23]. CsgE binds
to the CsgG vestibule, acting as a ‘cap’ that effectively gates the
channel at the periplasmic side [19]. CsgF is secreted into through
the CsgG pore, and its N-terminus folds into an a-helix that
remains bound in the CsgG b-barrel, narrowing the channel and
forming a second constriction in the pore lined by CsgF Asn-17
residues (Fig. 1). The C-terminus sits outside the CsgG pore for
attachment of the growing amyloid fibre [20,24,25].

Here, we have characterised the conformational dynamics of
CsgG and the CsgG-CsgF complex using advanced molecular
dynamics simulations. The stability of CsgG in the absence or pres-
ence of CsgF is probed by simulating the systems under applied
electric fields of varying strengths. Translocation of ssDNA through
CsgG and the CsgG-CsgF complex is investigated, to explore the
impact of single- or dual-constrictions on the DNA translocation
behaviour. Our results show that CsgG within the CsgG-CsgF com-
plex is able to withstand electric fields of greater magnitude, lar-
gely due to a network of hydrogen bonds and electrostatic
interactions between CsgF and the CsgG b-barrel. The translocation
of ssDNA is retarded to a greater extent by the CsgG eyelet loop
constriction compared to the CsgF constriction region. Several
key indirect effects are observed in the presence of bound CsgF
which would positively impact the performance of nanopore
sequencing. Notably, the CsgG-CsgF complex exhibits significantly
improved pore stability within an electric field, restricts the mobil-
ity of CsgG eyelet loop constriction and maintains translocating
DNA in a more extended conformation.
Fig. 1. The CsgG-CsgF complex is shown from side (a) and extracellular (b) views in ribbo
with a close-up view of CsgG and CsgF constrictions and residues shown in stick represen
pore height (d), coloured as labelled in (a).
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2. Results and discussion

In order to facilitate presentation and interpretation of the
results, the simulations performed in this study are summarised
in Table 1.
2.1. Conformational dynamics of CsgG and the CsgG-CsgF complex

To explore the conformational behaviour of uncomplexed CsgG
and in the CsgG-CsgF complex, we performed six independent sim-
ulations in total (2 � 200 ns and 4 � 100 ns). The simulation sys-
tems consisted of the protein embedded in a phosphatidylcholine
(POPC) lipid bilayer and solvated in 1 M KCl. The conformational
drift of CsgG from the initial structure was evaluated by monitor-
ing the root mean square deviation (RMSD) of the protein back-
bone (Ca atoms) from its initial conformation at 0 ns (Table 2,
Fig. 2 and Fig. A.1). The uncomplexed CsgG reached a plateau RMSD
of � 0.18–0.22 nm, compared to � 0.22–0.30 nm when in complex
with CsgF. The eyelet loops forming the constriction region (resi-
dues 47–58) exhibited reduced conformational drift in uncom-
plexed CsgG, with RMSD at a plateau value of < 0.10 nm in five
simulations, compared to in the CsgG-CsgF complex for which
the RMSD converged to � 0.25–0.35 nm. Plateau RMSD values
for CsgF in the CsgG-CsgF complex were in the range � 0.32–0.4
2 nm across all simulations (Fig. A.2).
n representation. A cross-sectional side view is also shown in surface representation,
tation (c). The pore radius of the CsgG and the CsgG-CsgF complex is plotted against



Table 1
Summary of simulations performed in this study.

System DNA Simulations

0 V 0.05 V nm�1 0.075 V nm�1 Steered MD

CsgG no 4 � 100 ns
2 � 200 ns

6 � 100 ns 6 � 50 ns –

yes – 6 � 50 ns – 8 � 70 ns
CsgG-CsgF complex no 4 � 100 ns

2 � 200 ns
6 � 100 ns 6 � 100 ns –

yes – 9 � 50 ns – 8 � 75 ns

Table 2
Summary of RMSD of the protein backbone Ca atoms at 100 ns in 0 V, from six
independent simulations.

System RMSD CsgG
(nm)

RMSD CsgG eyelet loops
(nm)

RMSD CsgF
(nm)

CsgG � 0.18–0.22 � 0.05–0.18 –
CsgG-CsgF complex � 0.22–0.30 � 0.25–0.35 � 0.32–0.42
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Next, the conformational flexibility of the protein domains was
examined by calculating the root mean square fluctuation (RMSF)
and B-factors of individual residues during the last 100 ns of the
200 ns simulations, which correspond to the time-frame of the pla-
teau regions in the RMSD data (Fig. 2). The loop regions were the
most flexible in all simulations; the RMSF of residues forming
the extended loops linking the a2 helix to b1-sheet in the vestibule
mouth (residues 102–112), and the short loops linking the a3 and
aC helices near the C-termini (residues 240–246), ranged from � 0.
20–0.60 nm. The eyelet loops forming the CsgG constriction were
comparatively less flexible, with RMSF of residues ranging
from � 0.05–0.17 nm.

The CsgG transmembrane b-barrel was the least flexible region
of the protein. The short turns linking the transmembrane b-sheets
(residues 191–198) were more rigid in the CsgG-CsgF complex
(RMSF � 0.07–0.20 nm) compared to in uncomplexed CsgG
(RMSF � 0.20–0.35 nm). In CsgF, the C-termini were the most flex-
ible, with RMSF of residues 30–35 progressively increasing
from � 0.30–0.90 nm (Fig. A.2). This is unsurprising as the CsgF
C-termini are unfolded in the absence of the curli fibre and pro-
trude from the CsgG b-barrel and therefore are unrestricted.
2.2. Stability of CsgG and the CsgG-CsgF complex under an applied
electric field

DNA sequencing using nanopores requires the pores to be
stable under the applied electric field that is employed to drive
the movement of DNA through the pore. We next assessed the
properties of uncomplexed CsgG and the CsgG-CsgF complex under
applied electric fields of two strengths: 0.05 V nm�1 and
0.075 V nm�1, equivalent to 0.9 V and 1.6 V across the membrane
respectively. To magnify any differences, applied electric fields that
are approximately five and nine times higher respectively than
0.18 V typically used for DNA sequencing. Under an applied electric
field of 0.05 V nm�1, the uncomplexed CsgG showed a slightly
higher deviation from its initial conformation compared to in
absence of electric field, with plateau RMSD values of � 0.20–0.2
7 nm in six independent simulations (Table 3 and Fig. 3). This
was largely due to the eyelet loops becoming more flexible; up
to two eyelet loops were observed to move upwards into the ves-
tibule of CsgG to varying degrees, which resulted in the RMSD of
the eyelet loop region increasing to � 0.25–0.40 nm by 100 ns in
five simulations (compared to � < 0.10 nm in 0 V). In one simula-
tion, an eyelet loop flipped upwards during � 48–60 ns, and the
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RMSD of the eyelet loop region during this period increased
from � 0.48 nm to � 0.65 nm. The loop conformation remained
unchanged following this, hence the RMSD plateaued to � 0.65 n
m by 100 ns. The flipping of the eyelet loop did not affect the pro-
tein conformation nor its stability in any significant way (Fig. A.3).

Interestingly, the CsgG-CsgF complex exhibited less conforma-
tional drift from its initial structure under 0.05 V nm�1 compared
to in the absence of an electric field, as indicated by lower plateau
RMSD of � 0.17–0.23 nm for CsgG (Fig. 3) and � 0.26–0.34 nm for
CsgF (Fig. A.4). The RMSD of the eyelet loop region at 100 ns is � 0.
16–0.24 nm, which is also significantly lower than in uncomplexed
CsgG. This behaviour is counter to what was observed for uncom-
plexed CsgG; for which the converged RMSD was higher under
0.05 V nm�1 compared to the absence of an applied field. We note
here that this effect is observed in over five independent simula-
tions. Furthermore, the CsgG eyelet loops did not move upwards
into the vestibule for the CsgG-CsgF complex but did in six simula-
tions of uncomplexed CsgG.

The flexibility of loops in the CsgG vestibule was similar in both
uncomplexed CsgG and the CsgG-CsgF complex and was not
greatly affected by the electric field. The RMSF of residues forming
the loops at the vestibule mouth ranged from � 0.20–0.80 nm, and
loops near the C-termini ranged from � 0.20–0.60 nm, similar to in
0 V. However, the short turns linking the b-sheets (residues 191–
198) were more flexible in the electric field in uncomplexed CsgG
(RMSF � 0.20–0.50 nm) but remained comparatively inflexible in
the CsgG-CsgF complex (RMSF � 0.10–0.20 nm).

CsgG was unstable under a higher electric field strength of
0.075 V nm�1 (Fig. 4). Inspection of the protein structure revealed
that the hydrogen bonds between the backbone atoms at the inter-
face of b-sheets of two of the nine monomers break, leading to sep-
aration of these monomers in the CsgG transmembrane b-barrel.
This occurred within 20–30 ns in six independent simulations.
However, following the destabilisation of the b-barrel, interactions
between monomers persisted in the vestibule region. Specifically,
electrostatic interactions between Glu-8 in the N-terminus of
monomer 1 and Lys-179 of monomer 2 persisted for as long as
50 ns in all simulations. The sidechain of Lys-179 also forms a salt
bridge with Glu-210 in the same monomer, which would likely
contribute to the stability of the interaction between the two
monomers. The N-terminus of monomer 1 remained wrapped
around the adjacent monomer 2, in a similar conformation to that
adopted in stable CsgG.

In contrast, CsgG within the CsgG-CsgF complex remained
stable in 0.075 V nm�1, as indicated by the RMSD of � 0.19–0.28
nm in six independent simulations (Fig. A.5). The RMSD of CsgF
was � 0.28–0.32 nm, similar to when under the electric field of
0.05 V nm�1 (Fig. A.6). To establish the origins of CsgG stability
in the CsgG-CsgF complex, the interactions between CsgG and CsgF
were characterised.

In the starting structure, CsgF monomers are inserted inside the
CsgG b-barrel with the N-terminus lying close to the b-barrel sur-
face, which kinks into the lumen forming the CsgF constriction.
This is followed by a 13-residue helix that angles outwards



Fig. 2. Comparison of conformational drift and flexibility of CsgG, uncomplexed and in the CsgG-CsgF complex, in 0 V. (a) RMSD of backbone Ca atoms in CsgG and eyelet loop
region, compared to initial conformation, in six independent simulations. (b) RMSF of residues of interest (labelled in panel (c)), calculated for 100–200 ns of two simulations
of CsgG and the CsgG-CsgF complex. RMSF of residues of the eyelet loop region are an average of values for the nine CsgG monomers. (c) B-factor representation of CsgG; the
blue to red colouring and widening of the tube indicate regions with higher B-factors. The B-factors shown are calculated for 100–200 ns of one simulation each of CsgG and
the CsgG-CsgF complex.
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towards the CsgG b-barrel exit (Fig. 1). The CsgF N-terminus was
observed to form a network of hydrogen bonds with the b-barrel
residues of CsgG monomers, which remained stable in
Table 3
Summary of RMSD of the protein backbone Ca atoms at 100 ns in 0.05 V nm�1, from
six independent simulations.

System RMSD CsgG
(nm)

RMSD CsgG eyelet loops
(nm)

RMSD CsgF
(nm)

CsgG � 0.20–0.27 � 0.25–0.40 –
CsgG-CsgF complex � 0.17–0.23 � 0.16–0.24 � 0.26–0.34

6420
0.075 V nm�1 (Fig. 5). CsgF was observed to interact with two CsgG
monomers simultaneously; the kinking of the CsgF N-terminus
allowed Asn-11 to form hydrogen bonds with Arg-142 in b-sheet
of an adjacent CsgG monomer, which provides additional stabilisa-
tion to the inter-monomer interactions in CsgG (between Arg-142
and Glu-201 residues) and the b-barrel.

Some of the interactions reported in starting structures of the
CsgG-CsgF complex, including hydrogen bonds between CsgF
Gly-1 and CsgG Asn-133 or Gln-153 residues, and CsgF Gln-6 and
CsgG Gln-187 residues, were not present in all monomer pairs in
0.075 V nm�1 (Fig. A.7). Moreover, hydrogen bonds formed by thre-



Fig. 3. Comparison of conformational drift and flexibility of CsgG, uncomplexed and in the CsgG-CsgF complex, in 0.05 V nm�1. (a) RMSD of backbone Ca atoms in CsgG and
eyelet loop region, compared to initial conformation, in six independent simulations. (b) RMSF of residues of interest (labelled in panel (c)), calculated for 50–100 ns of two
simulations of CsgG and the CsgG-CsgF complex. RMSF of residues of the eyelet loop region are an average of values for the nine CsgG monomers. (c) B-factor representation
of CsgG; the blue to red colouring and widening of the tube indicate regions with higher B-factors. The B-factors shown are calculated for 50–100 ns of one simulation each of
CsgG and the CsgG-CsgF complex.

P. Rattu, F. Glencross, S.L. Mader et al. Computational and Structural Biotechnology Journal 19 (2021) 6417–6430
onine residues of CsgF (Thr-2 and Thr-4) and CsgG (Thr-207) in the
starting structures were not present in the simulations. Additional
interactions that were not observed in the starting structure
include hydrogen bonds between residues in the CsgF C-terminus
and near the CsgG b-barrel exit. As a consequence, the short turns
of the b-barrel (residues 191–198) remained ordered, with RMSF
similar to when in 0 V and 0.05 V nm�1 (� 0.05–0.20 nm).

In addition to hydrogen bonding, Arg-8 in the CsgF N-terminus
also forms stabilizing electrostatic interactions with Asp-149 and
Glu-185 residues in CsgG. The interactions between Arg-8 and
Asp-149 residues were observed in all monomer pairs, however
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the interactions between Arg-8 and Glu-185 residues were
observed for some monomer pairs only (Fig. 5).

2.3. DNA translocation

The movement of ssDNA through uncomplexed CsgG and the
CsgG-CsgF complex was investigated. A 12-nucleotide polyA
ssDNA strand, with the DNA 50 terminal nucleotide initially
positioned inside the eyelet loop region, was pulled through the
protein pore at a rate of 0.15 nm ns�1 by applying a force on
the 50 terminal nucleotide. Eight independent simulations were



Fig. 4. CsgG is unstable in 0.075 V nm�1. CsgG at 0 ns and 25 ns from one simulation is shown, with the two monomers that separate coloured teal and cyan (left and centre
panels). The distance over time is plotted between backbone atoms that form inter-monomer hydrogen bonds (plots 1–3), and between carboxylate and ammonium groups of
glutamate and lysine residues respectively. Data is from two independent simulations, shown in teal and cyan. Inset shows residues, with hydrogen bonds marked by dashed
lines.
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performed for uncomplexed CsgG and the CsgG-CsgF complex. The
position of the center of mass of the DNA nucleotides as a function
of time was calculated to characterize the DNA translocation
through the pore (Fig. A.8 and Fig. A.9). Overall, DNA exited the
CsgG-CsgF complex by � 70–75 ns, and uncomplexed CsgG
by � 70 ns, in five simulations. DNA remained in the pore exit by
75 ns in three simulations of uncomplexed CsgG and the CsgG-
CsgF complex due to the DNA 30 terminal nucleotides interacting
with residues at the pore exit. DNA moved through the CsgG eyelet
loop constriction in a stepwise manner, as a result of hindered
movement past the side chains of Phe-56, Asn-55, and Tyr-51 resi-
dues. Some nucleotides were halted for as long as 5 ns in these
regions. The movement of DNA was unhindered once past the
eyelet loop constriction in uncomplexed CsgG. In the CsgG-CsgF
complex, the translocation of nucleotides was also slower past
the Asn-17 residues which forms the CsgF constriction.

The translocation rates through regions of uncomplexed CsgG
and the CsgG-CsgF complex were calculated as the distance
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traversed by a nucleotide per nanosecond, for two regimes of
DNA translocation: (1) when the DNA strand is threaded through
the CsgG eyelet loop region, and; (2) after the 30 terminus is no
longer present within the eyelet loop region (Table 4). Regime
(1) mimics behaviour of long DNA strands that remain threaded
through the CsgG eyelet loop region during DNA sequencing.

In regime (1), the translocation rate through the eyelet loop
region is essentially the same in uncomplexed CsgG (0.18 ± 0.03 n
m ns�1) and the CsgG-CsgF complex (0.17 ± 0.04 nm ns�1). DNA
translocation is faster through the CsgG b-barrel region (0.17 ± 0.
02 nm ns�1) than through CsgF in the CsgG-CsgF complex (0.14 ±
0.02 nm ns�1), but not significantly (p = 0.08), which suggests that
the translocation rate is not dramatically altered by CsgF.

In regime (2), DNA translocation is substantially faster than in
regime (1) in both uncomplexed CsgG and the CsgG-CsgF complex;
as a reminder, the eyelet loops are not involved in interactions
with DNA in this regime. The translocation rate is significantly fas-
ter (p = 0.0002) through the CsgG b-barrel region (0.23 ± 0.06 nm



Fig. 5. Interactions between CsgG and CsgF monomers in the CsgG-CsgF complex. (a) Residues in a CsgF monomer form hydrogen bonds with residues in three CsgG
monomers. Hydrogen bonds are marked by dashed lines between interacting atoms (distance of < 0.32 nm). (b) Electrostatic interactions between CsgF Arg-8 and CsgG Asp-
149 and Glu-185 residues. The bond distance is plotted for nine monomers over 100 ns simulation in 0.075 V nm�1.

Table 4
DNA nucleotide translocation rates through regions of uncomplexed CsgG and the CsgG-CsgF complex.

Region Average DNA nucleotide translocation rate (nm ns�1) ± SD

Regime (1) Regime (2)

CsgG CsgG-CsgF complex CsgG CsgG-CsgF complex

CsgG eyelet loop region 0.18 ± 0.03 0.17 ± 0.04 N/A N/A
CsgF region (b-barrel region in uncomplexed CsgG) 0.17 ± 0.02 0.14 ± 0.02 0.23 ± 0.06 0.18 ± 0.03
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ns�1) than through the CsgF region (0.18 ± 0.03 nm ns�1). Thus,
while CsgF presents an additional barrier to DNA translocation,
the eyelet loop region has a greatest impact on the translocation
rate of DNA.
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We next examined the conformational behaviour of the DNA
strand and the DNA-protein interactions during translocation, to
elucidate the origins of the differences in translocation rates
through uncomplexed CsgG and the CsgG-CsgF complex. Cluster
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analysis was performed to characterise the conformations adopted
by the DNA strand as it is pulled through the protein pores. We
consider uncomplexed CsgG first. The DNA populations can be
placed into three groups, according to the position of the DNA
inside the pore: group 1 in which the DNA is halted in the CsgG
vestibule and the eyelet loop region, with the 50 terminus below
the eyelet loop region; group 2 in which the DNA is threaded
through the eyelet loop region, with the 50 terminus in the b-
barrel; and group 3 in which the DNA has exited the eyelet loop
region. Groups 1 and 3 are not directly relevant to DNA sequencing
and are also likely to be most impacted by the choice of the DNA
length and so here we focus only on the DNA conformations of
group 2 (as we have done in our previous work on DNA transloca-
tion through model pores) [26].

Group 2 is formed by four cluster populations comprising 12%
of simulation time (� 58 ns) (Fig. 6). The end-to-end distances of
DNA conformations in these clusters ranged from � 5.7–6.2 nm,
with the DNA becoming more extended as it translocated further
downwards through the pore. This is in contrast to previously
reported observations from simulations of a model of the ɑ-
hemolysin barrel, in which the 12-nt ssDNA was more coiled with
end-to-end distances ranging from � 3.8–4.5 nm [27]. In the eyelet
loop region, residues Asn-55 and Tyr-51 formed hydrogen bonds
with the DNA bases and backbone phosphate groups, and Phe-56
and Tyr-51 residues interacted with nucleotides via pi-stacking.
The interactions with Phe-56 residues led to nucleotides being
halted at the entrance of the eyelet loop region, whilst nucleotides
below formed interactions with Asn-55 and Tyr-51 residues. The
nucleotides once moving past Phe-56 residues were subsequently
halted again by Asn-55 and then by Tyr-51 residues during translo-
cation. The combined effect of these interactions resulted in the
DNA segment becoming extended in the eyelet loop region. This
is especially evident during the translocation of the DNA 30 termi-
nus region, which uncoiled as it moved through the eyelet loop
region (Fig. A.10).

In the CsgG-CsgF complex, the DNA populations can be placed
into three groups, according to the position of the DNA inside the
pore; group 1 in which the DNA is halted in the CsgG vestibule
and the eyelet loop region, with the 50 terminus below the eyelet
loop region; group 2 in which the DNA is threaded through both
Fig. 6. Representative DNA conformations from two clusters of uncomplexed CsgG. A cro
shown. Hydrogen bonds are shown as dashed lines. Inset shows the position of the DNA
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CsgG and CsgF constriction regions, with the 50 terminus in CsgF;
and group 3 in which the DNA has exited the CsgG eyelet loop
region, with the 30 terminus in CsgF. Group 1 is not directly rele-
vant to DNA sequencing, and the DNA conformations are also likely
to be most impacted by the choice of DNA length and so here we
focus only on the DNA conformations of groups 2 and 3.

Group 2 is formed by four cluster populations comprising 29%
of simulation time (� 162 ns) (Fig. 7a). The end-to-end distances
of DNA conformations in these clusters ranged from � 6.3–7.2 n
m, with the DNA becoming more extended as it translocated fur-
ther downwards through the pore. The DNA strand is retained in
an extended conformation due to nucleotides forming interactions
with residues in the CsgG and CsgF constrictions. Phe-56, Asn-55,
and Tyr-51 residues in the eyelet loop region form pi-stacking
and hydrogen bonding interactions, and Asn-17 residues in the
CsgF constriction form hydrogen bonding interactions with the
DNA.

Group 3 consists of a cluster population comprising 8% simu-
lation time (� 45 ns), in which the DNA 30 terminus region is
translocating through CsgF after exiting the CsgG eyelet loop
region (Fig. 7b). An Asn-24 residue is also observed to interact
with the DNA backbone phosphate group along with an Asn-17
residue in the CsgF constriction. DNA adopted group 3 conforma-
tions for a shorter duration than group 2, in which DNA is
threaded through both CsgG and CsgF constrictions. This is con-
sistent with the significant increase in translocation rate observed
following DNA exit from the CsgG eyelet loop region into the CsgF
constriction.

The interactions of the translocating DNA with uncomplexed
CsgG and the CsgG-CsgF complex were quantified by calculating
the percentage simulation time that the residues were within
0.4 nm of the DNA strand (Fig. 8). Overall, DNA largely formed
interactions with Phe-56, Asn-55, and Tyr-51 residues in the CsgG
eyelet loop region in both uncomplexed CsgG and the CsgG-CsgF
complex. Asn-17 residues in the CsgF constriction also interacted
with the DNA in the CsgG-CsgF complex, but to a lesser extent than
the residues in the eyelet loop region. The higher frequency of DNA
interactions with residues in the CsgG eyelet loop region compared
to in CsgF suggests that the eyelet loop region has a greater impact
on the DNA translocation rate.
ss-sectional view of the DNA segment and residues in the CsgG eyelet loop region is
strand in uncomplexed CsgG.



Fig. 7. Representative DNA conformations in four clusters of the CsgG-CsgF complex. A cross-sectional view of the DNA segment and residues in CsgG eyelet loop region and
CsgF constriction is shown. Hydrogen bonds are marked by dashed lines. Inset shows the position of the DNA strand in the CsgG-CsgF complex.

P. Rattu, F. Glencross, S.L. Mader et al. Computational and Structural Biotechnology Journal 19 (2021) 6417–6430
Although the translocating DNA remained linear in both
uncomplexed CsgG and the CsgG-CsgF complex, it was retained
in a more extended conformation in the CsgG-CsgF complex. It
has been previously shown that DNA is retained in a largely linear
conformation in hydrophobic model pores based on 14-stranded b-
barrel architecture [28], and more so in pores containing two
hydrophobic constriction regions compared to one [26]. Compar-
ison of the pore-lining residues of uncomplexed CsgG and the
CsgG-CsgF complex revealed that the CsgG-CsgF complex forms a
more hydrophobic pore compared to CsgG, due to residues with
acidic and basic side chains in the CsgG b-barrel region being
replaced by hydrophobic residues in the CsgF monomers (Fig. 9).
Together, this suggests that the extended conformation of the
DNA in the CsgG-CsgF complex is a consequence of the presence
of two constriction regions and the hydrophobic nature of the pore.

2.4. Conductance of CsgG and the CsgG-CsgF complex in the presence
of immobilised DNA

During DNA sequencing, the characteristic reduction in the
ionic current through the nanopore is caused by the translocating
nucleotides and is analysed to read the sequence. To evaluate the
impact of the additional CsgF constriction on the pore ionic con-
ductance during DNA translocation, the uncomplexed CsgG and
the CsgG-CsgF complex were simulated with immobilised DNA
threaded through the pore and with an applied electric field
equivalent to 0.9 V (five times higher than 0.18 V used for DNA
sequencing). The ionic currents through uncomplexed CsgG and
the CsgG-CsgF complex in presence of immobilised polyA ssDNA
are reported in Table 5 and Table A.1. The mean bidirectional flux
of water and ions through the pores are given in Table A.2.

Overall, the mean water flux and the ionic current were higher
through uncomplexed CsgG compared to the CsgG-CsgF complex,
the latter contains an additional constriction region formed by
CsgF. In CsgG systems, there is a large variability in water flux in
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three independent simulations (average: 993 ± 58.7 ns�1). This is
due to the variability in motion of the eyelet loops. In one simula-
tion, three eyelet loops flipped upwards by 50 ns, which caused the
constriction to become narrower; consequently, the water flux
through the pore was significantly lower in this simulation
(926 ns�1) compared to the other two simulations (1034 ns�1

and 1020 ns�1) (Fig. 10). In the two simulations with higher water
flux, the eyelet loops were observed to move closer to the b-barrel
wall which widened the CsgG constriction. In contrast, the eyelet
loops did not flip upwards in any of the simulations of the CsgG-
CsgF complex (consistent with aforementioned simulations of this
complex with an applied electric field, but no DNA). Overall, the
presence of CsgF resulted in reduced water flux and ionic current
compared to uncomplexed CsgG (Table 5).

We next simulated the systems with positional restraints
applied to CsgG eyelet loops (backbone atoms of residues 47–58)
to prevent large loop motion. The ionic currents through uncom-
plexed CsgG and the CsgG-CsgF complex for these simulations
are reported in Table 6 and Table A.3. The mean bidirectional flux
of water and ions through the pores are reported in Table A.4. In
the absence of large eyelet loop motion, as expected the CsgG sim-
ulations resulted in a more consistent water flux amongst three
independent simulations (average: 859 ± 31.1 ns�1), indicating
that reducing the motion of these loops may lead to less noisy
sequencing data. The flux of water and the total ionic currents in
simulations of the CsgG-CsgF complex are similar to the simula-
tions without positional restraints applied to the CsgG eyelet loops
(Table A.5). This is consistent with the observation that the eyelet
loops did not flip in the presence of CsgF. The presence of CsgF
resulted in � 80% reduction in water flux through the CsgG-CsgF
complex compared to uncomplexed CsgG.

To evaluate the ability of the CsgG-CsgF complex to discrimi-
nate between distinct nucleotides, we next simulated the pore
with immobilised polyT ssDNA. The ionic currents through the
CsgG-CsgF complex for these simulations are reported in Table 6



Fig. 8. DNA-protein interactions. CsgG (a) and the CsgG-CsgF complex (b) are coloured by the percentage of simulation time for which the residues interact with DNA, in 8
independent simulations. Side-views of the CsgG eyelet loop region (residues 47–58) and CsgF are also shown. Interactions are defined as an inter-atomic distance
of < 0.4 nm.
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and Table A.3. The mean bidirectional flux of water and ions
through the pores are reported in Table A.4. The total ionic current
through the CsgG-CsgF complex was � 2 � higher in the presence
of polyT compared to polyA. This can be explained by the larger
steric bulk of the purine adenine physically occluding the pore to
a greater extent compared to thymine.

Experimentally, direct comparisons between studies are hin-
dered by differences in experimental conditions such as tempera-
ture, ion concentration, and the voltage applied. To circumvent
this, blockage current ratios are calculated by dividing the ionic
current in presence of DNA by the open pore current. A lower
blockage current ratio therefore corresponds to a greater degree
of open pore current blocked by DNA. The blockage current ratios
for the CsgG and the CsgG-CsgF complex are shown in Table 7, and
the open pore currents are reported in Table A.7. The total blockage
current ratio in presence of polyA is lower for the CsgG-CsgF com-
plex (0.29) than uncomplexed CsgG (0.44). Thus, the presence of
CsgF resulted in a more distinct change in channel conductance
in presence of DNA.
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In the CsgG-CsgF complex, the blockage current ratio is nucle-
obase size-dependent; the larger purines in polyA impede the
open pore current to a greater degree than smaller pyrimidines
in polyT (total blockage current ratio is 0.29 and 0.68
respectively).

Interestingly, in wild-type ɑ-hemolysin the current blockage is
not solely nucleobase size-dependent; the larger purines in polyA
blocked current to a lesser degree than smaller pyrimidines in
polyT when immobilised inside the pore (blockage current ratio
polyA = 0.18, polyT = 0.15, in 0.12 V) [30]. However, ɑ-hemolysin
mutants modified to increase the hydrophobicity of the constric-
tion region (E111N/K147N/M113X, X = V, L, or I) resulted in
improved and size-dependent base discrimination i.e., A caused a
greater current blockage than T [31]. Furthermore, a hydrophobic
solid-state nanopore was also shown to be able to discriminate
between polyA and polyC [32]. Similarly in our simulations, the
hydrophobic pore formed by the CsgG-CsgF complex (Fig. 9) is able
to discriminate between polyA and polyT on a nucleobase size-
basis.



Fig. 9. Hydrophobicity of pore-lining residues in CsgG and the CsgG-CsgF complex, according to the scale proposed by Wimley and White [29]. The scale ranges from
�0.81 kcal mol�1 to 2.41 kcal mol�1, for very hydrophobic to very hydrophilic residues respectively. The dashed line marks the score of 0. A cross-sectional view of the CsgG-
CsgF complex is also shown for reference.

Table 5
Ionic currents through uncomplexed CsgG and the CsgG-CsgF complex with
immobilised polyA ssDNA in 0.9 V, calculated for 50 ns. Data is average calculated
from three independent simulations for each system.

System Itotal (pA) IK (pA) ICl (pA)

CsgG 333 ± 77.5 311 ± 80.2 22 ± 15.4
CsgG-CsgF complex 181 ± 122.1 172 ± 115.4 8 ± 7.0
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Despite the differences in the current blockages by the two DNA
bases, we were unable to detect significant differences in their
respective interaction energies with the CsgG-CsgF complex based
on enthalpic calculations both from postprocessing our MD simu-
lations (Table A.8) and also treating representative frames by Den-
sity Functional Theory (DFT) (Table A.9). The major stabilisation
interaction comes from water-DNA and ion-DNA interactions as
has been observed from similar calculations on solid state
hydrophobic pores [32].
3. Conclusions

In conclusion, we find that the conformational behaviour of
CsgG when uncomplexed and in the CsgG-CsgF complex differs
under an applied electric field. The eyelet loops forming the CsgG
constriction region are observed to be more flexible in uncom-
plexed CsgG compared to in CsgG-CsgF complex under an applied
electric field. Eyelet loops ‘flip’ upwards into the vestibule of
uncomplexed CsgG to varying degrees, while not impacting the
protein conformation and stability. The presence of CsgF stabilises
the conformation of the eyelet loops and prevents large loop
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motion in the presence of an electric field in the CsgG-CsgF com-
plex. Uncomplexed CsgG is unstable in high electric strengths,
due to the disruption of hydrogen bonds between b-sheets of
two monomers which leads to separation of the monomers in
the CsgG transmembrane b-barrel. However, the CsgG-CsgF com-
plex remains stable due to the residues of the CsgG transmem-
brane b-barrel forming a network of hydrogen bonds and
electrostatic interactions with CsgF monomers.

DNA translocation through uncomplexed CsgG and the CsgG-
CsgF complex is slowed down by the CsgG eyelet loop region and
the CsgF constriction. The translocating DNA is slowed down in
the eyelet loop region by Asn-55 residues forming hydrogen bonds,
and Phe-56 and Tyr-51 residues interacting with nucleotides via
pi-stacking. In the CsgG-CsgF complex, DNA is also slowed by tran-
sient interactions with Asn-17 residues within CsgF constriction;
however, the frequency of these interactions is lower than in the
eyelet loop region, hence DNA translocation is faster through the
CsgF region after the strand exits the CsgG constriction. Therefore,
DNA translocation rate is influenced principally by the CsgG eyelet
loop region, with the CsgF constriction playing a minor role. Our
simulations of systems with the immobilised DNA threaded
through uncomplexed CsgG and the CsgG-CsgF complex revealed
that: (1) the change in the channel conductance in presence of
DNA is more distinct through the CsgG-CsgF complex compared
to uncomplexed CsgG, and (2) the CsgG-CsgF complex channel
conductance is sensitive to the size of the nucleobases A and T.

In summary, our simulations reveal that CsgG-CsgF complex
provides a more hydrophobic, but less conformationally labile
nanopore compared to CsgG. Although CsgF introduces a second
constriction within the CsgG pore, it has a minor effect on the



Fig. 10. Panel (a) shows the change in pore shape in response to change in the conformations of the eyelet loops in a simulation of uncomplexed CsgG with immobilised DNA,
in which the lowest water flux was observed. Panel (b) shows the change in the radius of the eyelet loop region over 50 ns. The pore radius at the start of the simulation is
plotted as a dashed line.

Table 6
Ionic currents through uncomplexed CsgG and the CsgG-CsgF complex with immobilised DNA and CsgG eyelet loops in 0.9 V, calculated for 50 ns. Data is average calculated from
three independent simulations for each system.

System DNA Itotal (pA) IK (pA) ICl (pA)

CsgG polyA 271 ± 102.4 269 ± 101.5 2 ± 1.1
CsgG-CsgFcomplex polyA 151 ± 76.4 149 ± 76.3 2 ± 1.8

polyT 349 ± 28.1 346 ± 30.4 2 ± 2.8

Table 7
Blockage current ratios for uncomplexed CsgG and the CsgG-CsgF complex with immobilised DNA, in 0.9 V. Ratios calculated for average ionic currents, calculated from three
independent simulations.

System DNA Itotal IK ICl

CsgG polyA 0.44 0.62 0.01
CsgG-CsgFcomplex polyA 0.29 0.42 0.01

polyT 0.68 0.98 0.01
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DNA translocation speed. Specific transient interactions with key
residues in the CsgG eyelet loops provide the major contribution
to the retarding and facilitating progressive movement of DNA
through the pore. This feature is a key requirement for elec-
trophoretic nanopore sequencing.

The presence of the second constriction formed by CsgF has sev-
eral important indirect effects. Notably, the CsgG-CsgF complex
has significantly improved stability in high electric fields over
uncomplexed CsgG and also a profound reduction in eyelet loop
mobility, which has concomitant reduction in ion flux. Further-
more, the shape and the hydrophobicity of the dual constriction
region in the CsgG-CsgF complex maintains the translocating
DNA in a more extended conformation during its passage. Lastly,
the presence of CsgF results in a more distinct change in the chan-
nel conductance when polyA is added to the pore. We postulate
that these features combined provide an improved electric current
density signature for different nucleotide sequences and allow for
better single base discrimination. Our work provides new struc-
tural and dynamics insights that will inform the future design of
novel biology nanopores with improved performance.
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4. Materials and methods

In this study, 2 different structures were used for both the
uncomplexed CsgG and the CsgG-CsgF complex. These will be
labelled as follows in this section: CsgG-1 - crystal structure
obtained from the Protein Data Bank (PDB 4UV3, 3.59 Å) and
CsgG-2 - electron cryo-EM structure taken from the structure of
the CsgG-CsgF complex with CsgAN6 peptide (PDB 6L7C, 3.34 Å);
CsgG-CsgF-1 complex - electron cryo-EM structure (PDB 6SI7,
3.4 Å); and CsgG-CsgF-2 complex - electron cryo-EM structure
taken from the structure of the CsgG-CsgF complex with CsgAN6
peptide (PDB 6L7C, 3.34 Å).

The missing protein loops in CsgG-1 (residues 144, 193–199)
were built by fitting the structure into the map density (PDB
4Q79, 3.1 Å) using Coot [33]). The missing residues in CsgG-CsgF-
1 (residues 1–9, 103–110) were added using Modeller 9.02 based
on sequence alignment and fitting with CsgG-1 [34]. CsgG
N-termini cysteine residues in all 4 structures were lipidated,
and the protein was embedded in POPC bilayer (CsgG: 1026 lipids;
CsgG-CsgF: 1106) using CHARMM-GUI membrane builder [35–38].
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The systems were solvated using the TIP3P water model, with ions
added to a concentration of 1.0 M [39]. Additional ions were added
to neutralise the systems prior to simulation. The systems were
energy minimised and equilibrated using a stepwise equilibration
protocol, which involved running multiple simulations with step-
wise reduction of positional restraints applied to the protein and
membrane lipids. Initial equilibration steps were run for 385 ps
in total, with the temperature of the systems maintained at
303.15 K to pack the membrane around the lipid anchors of the
protein. The temperature was increased to 310 K in subsequent
equilibration steps run for 225 ps in total, before running longer
simulations without positional restraints applied. An electric field
was applied after simulating the systems without positional
restraints applied for 100 ns.

4.1. Steered Molecular dynamics simulations with DNA

The ssDNA models used were 12-nucleotide polyA and polyT
ssDNA generated using the 3DNA package [40]. The systems with
DNA were solvated, with ions added to concentration of 0.15 M
and additional ions added to neutralise the systems prior to simu-
lation. The systems were energy minimised and equilibrated using
the step-wise equilibration protocol as described earlier, with the
temperature of the systems maintained at 310 K. Positional
restraints with force constant of 1000 kJ mol�1 nm2 were applied
to DNA 50 terminal nucleotide during equilibration.

In steered MD simulations, DNA 50 terminal nucleotide was
selected as the pull group and proline residues (P52) in CsgG were
selected as the reference group. The reaction coordinate was
defined as a vector in -z direction, parallel to the protein axis, along
which the DNA 50 terminal nucleotide was pulled at a rate of
0.15 nm ns�1 and using a spring constant of 1000 kJ mol�1 nm2.

4.2. Conductance of CsgG and the CsgG-CsgF complex in presence of
immobilised DNA

The starting structures of CsgG and the CsgG-CsgF complex with
DNA were extracted from steered MD simulations. Positional
restraints of 1000 kJ mol�1 nm2 were applied to DNA backbone
phosphorus atoms. In simulations where the CsgG eyelet loops
were restrained, positional restraints of 500 kJ mol�1 nm2 were
applied to backbone atoms of residues 47–58.

All simulations were performed using GROMACS version 2018.3
[41] and the CHARMM36m force field [42]. All simulations were
performed in the NPT ensemble, with the temperature maintained
using the v-rescale thermostat and coupling constant of 0.1 ps, and
the pressure maintained semi-isotropically using the Parrinello-
Rahman barostat at 1 bar and a time constant of 5 ps [43]. Con-
straints were used for bond lengths using the LINCS algorithm
enabling a timestep of 2 fs. The long-range electrostatics were trea-
ted using the Particle Mesh Ewald method with a short-range cut-
off of 1.4 nm [44]. The van der Waals interactions were truncated
at 1.4 nm with long-range dispersion corrections applied to the
energy and pressure. In simulations with an applied electric field,
the electric field was imposed by a constant voltage drop across
the simulation box.

Analyses were conducted using the functions available in the
GROMACS package and locally written code. Clustering analysis
was performed using the GROMOS method [45] implemented in
GROMACS (gmx cluster). The trajectories from independent simu-
lations for a given system were concatenated prior to clustering
DNA conformations with a root mean-square deviation cutoff of
0.28 nm, using the initial conformation of DNA as a reference. Pore
radius profiles for the proteins were calculated using HOLE [46].
Molecular graphic images were produced using the Visual Molecu-
lar Dynamics VMD package [47] and PyMOL [48]. Mean water and
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ion flux rates were calculated as described by Haynes et al [28]. The
ionic currents were calculated as described by Aksimentiev et al
[5].

4.3. Energetics

MD simulation trajectories were post-processed and the aver-
age interaction energies of interest were extracted using the GRO-
MACS energy module. Interaction energies from DFT were
obtained using the ONETEP code [49–50], full details are provided
in the supporting information.

4.4. Statistical analysis

The differences in nucleotide translocation rates, mean water
flux rates, and ionic currents were assessed using unpaired t-
tests. Values of p < 0.05 were regarded as significant.

CRediT authorship contribution statement

Punam Rattu: Investigation, Writing – original draft. Flo Glen-
cross: Investigation, Writing – original draft. Sophie Mader: Inves-
tigation. Chris-Kriton Skylaris: Supervision. Stephen J. Matthews:
Supervision, Conceptualization, Writing – review & editing. Sarah
L. Rouse: Supervision, Conceptualization, Writing – review & edit-
ing. Syma Khalid: Supervision, Conceptualization, Writing –
review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

This work was supported by the Medical Research Council grant
number MR/T017961/1 to SL. Access to ARCHER and ARCHER2 was
provided by HECBiosim through EPSRC grant EP/R029407/1.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.csbj.2021.11.014.

References

[1] Bayley H, Cremer PS. Nature 2001;413:226–30.
[2] Howorka S, Cheley S, Bayley H. Nat Biotechnol 2001;19:636–9.
[3] Meller A, Nivon L, Brandin E, Golovchenko J, Branton D. Proc Natl Acad Sci

2000;97:1079–84.
[4] Akeson M, Branton D, Kasianowicz JJ, Brandin E, Deamer DW. Biophys J

1999;77:3227–33.
[5] Aksimentiev A, Schulten K. Biophys J 2005;88:3745–61.
[6] Bond PJ, Guy AT, Heron AJ, Bayley H, Khalid S. Biochemistry 2011;50:3777–83.
[7] Bentin J, Balme S, Picaud F. Soft Matter 2020;16:1002–10.
[8] Mathé J, Aksimentiev A, Nelson DR, Schulten K, Meller A. Proc Natl Acad Sci

USA 2005;102:12377.
[9] Manara RMA, Jayne Wallace E, Khalid S. Sci Rep 2015;5:12783.
[10] Bhattacharya S, Derrington IM, Pavlenok M, Niederweis M, Gundlach JH,

Aksimentiev A. ACS Nano 2012;6:6960–8.
[11] Kasianowicz JJ, Brandin E, Branton D, Deamer DW. Proc Natl Acad Sci

1996;93:13770–3.
[12] Butler TZ, Pavlenok M, Derrington IM, Niederweis M, Gundlach JH. Proc Natl

Acad Sci 2008;105:20647–52.
[13] Di Marino D, Bonome EL, Tramontano A, Chinappi M. J Phys Chem Lett

2015;6:2963–8.
[14] Ouldali H, Sarthak K, Ensslen T, Piguet F, Manivet P, Pelta J, et al. Nat Biotechnol

2020;38:176–81.
[15] Di Muccio G, Rossini AE, Di Marino D, Zollo G, Chinappi M. Sci Rep

2019;9:6440.

https://doi.org/10.1016/j.csbj.2021.11.014
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0005
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0010
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0015
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0015
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0020
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0020
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0025
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0030
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0035
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0040
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0040
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0045
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0050
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0050
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0055
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0055
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0060
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0060
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0065
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0065
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0070
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0070
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0075
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0075


P. Rattu, F. Glencross, S.L. Mader et al. Computational and Structural Biotechnology Journal 19 (2021) 6417–6430
[16] Brown CG, Clarke J. Nat Biotechnol 2016;34:810–1.
[17] Van der Verren SE, Van Gerven N, Jonckheere W, Hambley R, Singh P, Kilgour J,

et al. Nat Biotechnol 2020;38:1415–20.
[18] Loferer H, Hammar M, Normark S. Mol Microbiol 1997;26:11–23.
[19] Goyal P, Krasteva PV, Van Gerven N, Gubellini F, Van den Broeck I, Troupiotis-

Tsaïlaki A, et al. Nature 2014;516:250–3.
[20] Cao B, Zhao Y, Kou Y, Ni D, Zhang XC, Huang Y. Proc Natl Acad Sci 2014;111:

E5439–44.
[21] Chapman MR, Robinson LS, Pinkner JS, Roth R, Heuser J, Hammar M, et al.

Science 2002;295:851–5.
[22] Nenninger AA, Robinson LS, Hultgren SJ. Proc Natl Acad Sci 2009;106:900–5.
[23] Nenninger AA, Robinson LS, Hammer ND, Epstein EA, Badtke MP, Hultgren SJ,

et al. Mol Microbiol 2011;81:486–99.
[24] Yan Z, Yin M, Chen J, Li X. Nat Commun 2020;11:241.
[25] Zhang M, Shi H, Zhang X, Zhang X, Huang Y. PLoS Biol 2020;18:e3000748.
[26] Rattu P, Belzunces B, Haynes T, Skylaris C-K, Khalid S. Nanoscale

2021;13:1673–9.
[27] Guy AT, Piggot TJ, Khalid S. Biophys J 2012;103:1028–36.
[28] Haynes T, Smith IPS, Wallace EJ, Trick JL, Sansom MSP, Khalid S. ACS Nano

2018;12:8208–13.
[29] Wimley WC, White SH. Nat Struct Biol 1996;3:842–8.
[30] Purnell RF, Mehta KK, Schmidt JJ. Nano Lett 2008;8:3029–34.
[31] Stoddart D, Heron AJ, Klingelhoefer J, Mikhailova E, Maglia G, Bayley H. Nano

Lett 2010;10:3633–7.
[32] Picaud F, Paris G, Gharbi T, Lepoitevin M, Coulon P-E, Bechelany M, et al. The

Journal of Physical Chemistry C 2017;121:7525–32.
[33] Emsley P, Lohkamp B, Scott WG, Cowtan K. Acta Crystallogr D Biol Crystallogr

2010;66:486–501.
6430
[34] Sánchez R, Sali A. Methods Mol Biol 2000;143:97–129.
[35] Jo S, Kim T, Iyer VG, Im W. J Comput Chem 2008;29:1859–65.
[36] Wu EL, Cheng X, Jo S, Rui H, Song KC, Dávila-Contreras EM, et al. J Comput

Chem 2014;35:1997–2004.
[37] Jo S, Kim T, Im W. PLoS ONE 2007;2:e880.
[38] Lee J, Cheng X, Swails JM, Yeom MS, Eastman PK, Lemkul JA, et al. J Chem

Theory Comput 2016;12:405–13.
[39] Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. J Chem Phys

1983;79:926–35.
[40] Lu XJ, Olson WK. Nucleic Acids Res 2003;31:5108–21.
[41] Páll S, Abraham MJ, Kutzner C, Hess B, Lindahl E. Lect. Notes Comput. Sci. Eng.

2015;8759:3–27.
[42] Huang J, Rauscher S, Nawrocki G, Ran T, Feig M, de Groot BL, et al. Nat Methods

2017;14:71–3.
[43] Parrinello M, Rahman A. J Appl Phys 1981;52:7182–90.
[44] Darden T, York D, Pedersen L. J Chem Phys 1993;98:10089–92.
[45] Daura X, Gademann K, Schäfer H, Jaun B, Seebach D, van Gunsteren WF. J Am

Chem Soc 2001;123:2393–404.
[46] Smart OS, Neduvelil JG, Wang X, Wallace BA, Sansom MS. J Mol Graph 1996;14

(354–360):376.
[47] Humphrey W, Dalke A, Schulten K. J Mol Graph 1996;14:33–8.
[48] Schrödinger. The PyMOL Molecular Graphics System, Version 2.0. Schrödinger

LLC. 2019.
[49] Skylaris CK, Haynes PD, Mostofi AA, Payne MC. J Chem Phys 2005;122:084119.
[50] Prentice JCA, Aarons J, Womack JC, Allen AEA, Andrinopoulos L, Anton L, et al. J

Chem Phys 2020;152.

http://refhub.elsevier.com/S2001-0370(21)00479-7/h0085
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0090
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0090
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0095
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0100
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0100
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0105
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0105
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0110
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0110
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0115
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0120
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0120
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0125
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0130
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0135
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0135
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0140
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0145
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0145
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0150
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0155
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0160
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0160
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0165
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0165
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0170
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0170
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0175
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0180
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0185
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0185
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0190
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0195
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0195
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0200
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0200
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0205
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0210
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0210
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0215
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0215
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0220
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0225
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0230
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0230
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0235
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0235
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0240
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0245
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0245
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0250
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0255
http://refhub.elsevier.com/S2001-0370(21)00479-7/h0255

	Atomistic level characterisation of ssDNA translocation through the E.&blank;coli proteins CsgG and CsgF for nanopore sequencing
	1 Introduction
	2 Results and discussion
	2.1 Conformational dynamics of CsgG and the CsgG-CsgF complex
	2.2 Stability of CsgG and the CsgG-CsgF complex under an applied electric field
	2.3 DNA translocation
	2.4 Conductance of CsgG and the CsgG-CsgF complex in the presence of immobilised DNA

	3 Conclusions
	4 Materials and methods
	4.1 Steered Molecular dynamics simulations with DNA
	4.2 Conductance of CsgG and the CsgG-CsgF complex in presence of immobilised DNA
	4.3 Energetics
	4.4 Statistical analysis

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


